The two prevalent s-domain models for current-mode control, the continuous-time model and the unified model, exhibit noticeable differences in their small-signal predictions and therefore have become the subject of comparisons and clarifications. The current letter presents an alternative way of deriving the unified model, thereby providing an additional guide for assessing the validity of the unified model. This letter also presents experimental data that support the accuracy of the unified model.
Introduction
Current-mode control 1,2 has been used in switching power supplies for decades and numerous modeling techniques [3] [4] [5] [6] [7] have been explored to characterize the sampling effects of this control scheme, particularly to model the sampling effects using a continuous-time s-domain transfer function. As a result, two different s-domain models for current-mode control are now available: the continuous-time model developed by Ridley 6 and the unified model by Tan et al. 7 These continuous-time models have allowed the familiar s-domain analysis to be adapted to study the small-signal dynamics of current-mode-controlled switching power supplies. Unfortunately, however, these two models have noticeable differences in their modeling approaches and final results, and therefore have become the subject of comparisons and clarifications.
9,10,12
The Ridley's model has been advocated by researchers 8, [10] [11] [12] who published the papers presenting various modeling techniques that, when applied to currentmode control, yield the small-signal predictions equivalent or identical to those of the Ridley's model. Several papers 10, 12 also provided experimental data that substantiate the predictions of the Ridley's model. Interestingly, all the experimental data that corroborate with the Ridley's model were only measured with digital technique using the digital modulator. 13 The Tan's model, on the contrary, has not been re-derived or reinforced by other researchers. Neither alternative derivations nor independent experimental verifications of the unified model have been reported in the open literatures. The current paper presents an alternative derivation and experimental validation of the unified model developed by Tan.
7 The alternative derivation method closely follows the modeling approach proposed by Ridley 6 yet with one critical modification. In Ridley's original work, the modulator gain of the pulse-width modulation (PWM) block is initially defined as a constant, thereafter, a s-domain transfer function representing the sampling effects of current-mode control is established with the aid of the predefined expression for the PWM modulator gain. In the newly proposed approach, in contrast, the dynamics of the PWM function and sampling action of the control scheme are concurrently analyzed without any prior definition of the modulator gain. The important consequence of this modification is that the proposed modeling method, although based on the Ridley's approach, yields the final results precisely identical to those of Tan's work.
7 This paper also presents experimental results that support the accuracy of the unified model. It will be shown that the predictions of the unified model closely match the experimental data when the standard analog technique 14 is employed to measure the current-loop gain of current-mode-controlled switching power supplies. This agrees with the Tan's claim on the method of loop gain measurement for current-mode-controlled systems;
7 the analog technique is the proper way of measuring the current-loop gain. Figure 1 (a) shows current-mode control adapted to a PWM switching power supply. The inductor current, i L , is sensed from the power stage using the current sensing network (CSN) and mixed with a ramp signal, v ramp , that has a fixed period T s and slope S e . The resulting current feedback signal, v I , is then compared with the control voltage, v c , derived from the voltage feedback circuit. Figure 1(b) illustrates the operation of the PWM block using its modulator waveforms. The constant R i used in Fig. 1(b) represents the gain of the CSN block. The on-time period starts at the onset of the ramp signal and terminates when the sensed inductor current intersects with the threshold set by the combination of the control voltage and ramp signal.
Model Derivation

Control voltage-to-inductor current transfer function
As the first step in the model development, a s-domain expression for the transfer function from the control voltage to the inductor current is derived. The constant-frequency current-mode control system can be considered as a zeroorder sample-and-hold system. 6 A well-known discrete-time equation describing the sample-and-hold function of the PWM modulator 6 can be derived from Fig where "ˆ" represents the small-signal component of the respective variables and
where S n denotes the on-time slope and S f represents the off-time slope of the sensed inductor current. The z-transformation of Eq. (1) is given by:
A s-domain transfer function from the control voltage to the inductor current can be obtained from Eq. (3) by using the substitution z = e sTS , and multiplying by (1 − e −sTs )/sT s 6 : 
to Eq. (4) results in a simplified expression of the transfer function:
It can be shown that Eq. (6) is identical to the expression given in Ref. 7 , where an apparently different method is used to develop the transfer function. Figure 2 shows two different small-signal models for current-mode control, the earlier model originally presented in Ref. 6 ( Fig. 2(a) ) and the new model proposed in the letter (Fig. 2(b) ). In both models, the power stage is replaced with the PWM switch model 15 and the power stage terminals are short circuited. The reason for short circuiting the power stage terminals is because the control voltage-to-inductor current transfer function was derived with the inductor voltage kept constant during the on-time and off-time period. Figure 2 is commonly applicable to all PWM switching power supplies that can be modeled with the PWM switch model. Figure 2 (a) was firstly proposed by Ridley 6 and has been widely used in many ensuing publications on current-mode-controlled systems. In Ref. 6 , the modulator gain of the PWM block, denoted as F m in Fig. 2(a) , was initially defined as a constant by adapting the PWM gain formula conventionally used for voltage-mode control. The functional block H e (s), located inside the current feedback loop, is a functional representation of the sampling effects of current-mode control. With the aid of the predefined expression for F m , a complex exponential equation was derived for H e (s) and subsequently approximated to a quadratic polynomial. Figure 2(b) presents the newly proposed small-signal model. The new model differs from the old model in that the functional block H e (s) is removed and the modulator gain of the PWM block is modeled as a s-domain transfer function, F m (s). This in effect implies that the sampling effects of the control scheme are included in the model of the PWM block. The motivation for this change was the perception that the sampling effects propagate into the system through the PWM function occurring at the PWM block, rather than the current sampling itself. 
Continuous-time model for PWM block
where F i (s) represents the transfer function from the duty ratio to the inductor current. From the power stage model shown in Fig. 2 , F i (s) can be written as
which can also be rearranged as
using the relationships of
By incorporating Eq. (10) into Eq. (8), it follows that
By comparing Eq. (11) with Eq. (6), an equation can be identified
that can be rearranged to yield the final expression for a s-domain model for the PWM block:
where
and
These results agree precisely with those of Ref. 7 , where an entirely different approach was used. In Ref. 7, the low-frequency gain, F m , was identified first, and the high-frequency pole, ω p , subsequently added to address the sampling effects of the control scheme. In contrast, the proposed technique initially includes the sampling effects, and yields the transfer function of PWM block in its entire form through a single sequence of derivations. It is also interesting to note that Eq. (14) is identical to the PWM gain predicted by one of the earliest models for current-mode control, Figure 3 shows the complete small-signal model including the feedforward gains, k f and k r , created by current-mode control. As the final step of the model derivation, this section presents the derivations of the feedforward gains based on the method outlined in Ref. 6 .
Feedforward gains
First, from the modulator waveforms of Fig. 1(b) , it can be shown that
where the quantity i L denotes the average value of the inductor current. The off-time slope of the sensed inductor current is given by
where v off is the off-time inductor voltage. Based on the flux-balance condition on the inductor, the duty ratio of the active switch can be expressed as
where v on is the on-time inductor voltage. By incorporating Eqs. (17) and (18) into Eq. (16), and linearizing the resulting equation with respect to i L and v on , the following equation can be obtained
where V on and V off denote the dc components of the respective variables.
It can be readily seen that
from Fig. 3 . The linearization of Eq. (18) with respect to d and v on yieldŝ
By equating Eqs. (20) and (21), another expression for î L /v on can be obtained as
By equating Eqs. (19) and (22), the expression for k f is obtained as
which can be further simplified to the final form
based on Eq. (18). By repeating the same process with v off perturbed and v on fixed, the feedforward gain from the off-time voltage can be evaluated as which is identical to the case of k f . Again, these expressions are the same as the results in Ref. 7 .
For easy referencing, Fig. 4 shows a modified representation of the small-signal model in which the feedforward gains are converted into new values evaluated with respect to the input and output voltage variation. To find the new feedforward gains, the following relationships were used for three basic switching power supplies:
• k f = k f and k r = k r for buck-boost converters, • k f = k f and k r = k r − k f for buck converters, • k f = k f − k r and k r = k r for boost converters. Table 1 summarizes the expressions for the gain blocks in Fig. 4 . Table 1 . Parameters for Fig. 4 .
Buck converter
Boost converter Buck/boost converter
Transfer function of PWM block for all converters 
Model Validation
The accuracy of the proposed model is verified with experiments on a prototype buck converter shown in Fig. 5 . The UC3843 is used for PWM IC and AD8044 is configured as a difference amplifier to remove the noise from the sensed inductor current. The analog method 14 using AP102B frequency response analyzer, is employed to measure the current-loop gain. 
Concluding Remarks
The two continuous-time models for current-model control, Ridley's model and Tan's model, differ in the way that the modulator gain is expressed and how the sampling effects are accounted for. Consequently, these models have produced noticeable differences in certain closed-loop transfer functions of current-modecontrolled switching power supplies. Although the accuracy of both models is still the subject of rigorous assessment, the current paper attempted to provide an additional guide for assessing the validity of the unified model by presenting an alternative derivation and experimental verification of the unified model. This letter revealed that Ridley's approach, when the location for presenting the sampling effects is moved from inside the current feedback loop to the PWM block, produces precisely the same results as those with Tan's model. This letter also reconfirmed that the predictions of the unified model closely matched with the experimental data when the analog technique is employed to measure the currentloop gain of PWM converters.
